Abstract. In this paper, the coupling analysis of HF antennas mounted on a ship is presented. The method of Moments (MoM) is used to calculate the inter antenna coupling in 1.6-30 MHz frequency range. Numerical results with MoM are performed and the reliability of these methods is discussed according to the measurement results. The coupling measurements were acquired on 1:50 scale model of the shipboard.
Introduction
Ships are complex platforms having many antennas connected to communication and radio navigation systems. The electromagnetic environment of a warship is a reasonably complex one involving the communication systems (receiver, transmitter) covering a frequency range of a few kHz to 40 GHz. Numerous studies have been issued in the literature dealing with the analysis of the antennas mounted on a large complex structure in recent years [1] [2] [3] [4] . In the case of a shipboard antenna configuration, computing the effect of metal constructions (funnel, mast, guys, etc) on the performance of the antennas, consequently on the characteristics of shipboard EMC, is particularly complicated. Numerical modeling for the radiation patterns and mutual coupling between them offers critical information of designing and positioning the antennas [5] . Various theoretical methods, such as diffraction theory, mutual coupling.. etc are used for the evaluation of the interaction of antennas with nearby metal structures. The analytical calculation of the coupling mechanism between the antennas mounted on large complex structures is difficult, time consuming, and sometimes impossible. So predictions by either numerical or asymptotic methods are preferred.
The Method of Moments (MoM) is applied to wire grid-model of the ship and the solution of integral equations enables us to determine the currents flowing through metallic constructions due to the inductions from the transmitters. MoM analysis, which is usually preferred at low frequencies, requires modeling the structure surfaces using wire segments. It is necessary to determine the number of expansion functions needed to solve the problem before making simulations with computers due to time consumption. The wires are divided into segments of approximately λ/10 length. Thus integral equation can be reduced to a matrix equation, which is limited numerically, to give the solution in the form of the current distribution over the wire structure for a given excitation. The radiation pattern, coupling, input impedance and near field distribution are calculated from the current distribution. The present study addresses the problem of applying the MoM to shipboards. All large structures near the antenna will carry significant induced currents and can be expected to modify the input impedance and radiation characteristics of the antenna. The analysis (pattern and mutual coupling) has been performed in the 1.6-30 MHz-frequency range and antennas are located on the topside of the ship. Positioning process of the antennas has been rearranged in the light of MoM results.
Analysis
The analysis has been performed in the 1.6 MHz-30 MHz frequency range between HF radio communication antennas located on the topside of the ship (Fig. 1) .
The antennas are of monopole types and they have various lengths. In our study, A HF , B HF and D HF are taken into account as transmitter antennas, the others are used as receiver antennas. The locations of the antennas on the ship is given in Table 1 .
The method is supported by SuperNEC [6] , antenna simulation software that allows for the simulation and evaluation of the electromagnetic performance of conventional antennas, and of antennas mounted on complex platforms [7] . The SuperNEC uses an electric field integral equation (EFIE) to model electromagnetic reaction of structures. Both wire structure and surfaces can be modeled by EFIE. The location of the antennas on the ship is shown in Fig. 1 . MoM analysis, which is a low-frequency technique, requires modeling the structure surfaces using wire segments. Segment and grid sizes of around 1/10 wavelength or less are required. The problem solution time is proportional to the cube of the number of segments while the computer-memory requirement is proportional to the square of those. Prior to the analysis, Structure Interpolation and Gridding (SIG) code [6] is used to generate the wire grid model of the ship. Only pertinent cross sectional details are required for SIG code. Here, 99 cross sectional data of the model are defined, and subsequently models are generated for 30 MHz. The segment length is chosen to be equal to λ/10 at the frequency of interest [7] . The total number of segments for the ship model adds up to 7000. The coupling problem can be solved in closed form by the Linville method [8] , a technique used in RF amplifier design. The first step is to determine the two-port admittance parameters for the coupled antennas by exciting each antenna with the other short-circuited, and computing the self and mutual admittance from the currents computed by NEC [6] . The maximum coupling is then:
where
the matched load admittance on antenna #2 for maximum coupling is:
and the corresponding input admittance of antenna #1 is:
The optimum and 50 ohm coupling,
where ML1 and ML2 denote the mismatch losses of the port1 and port2 respectively, 
Measurement
The coupling measurements were performed at an Open Area Test Site (OATS). Scattering objects nearby are cleaned, measurement site is wiped with sandpaper and painted to reduce the error originated site imperfections, The scaling of the ship model was 1:50. Some difficulties has been occurred by making scaled model of the ship. These are can be listed as:
-although in the simulation, the diameter of the antennas modeled as 320 mm, in the scaled model 50 mm diameters (1 mm @1:50 scale) were used, -rather than in the MoM simulation, B HF and C HF antennas we shifted 1.25 m (±7.5 cm@1:50 scale) to the edge of the scaled model at the measurement, -the feeding points of the all antennas were located at 20 mm height over the structure of the model. The measurement setup schema is shown in Fig. 2 . The analysis frequency range was between 1.6-30 MHz, so the measurement frequency range was between 80-1500 MHz.
Results and discussions
Before the making analysis of HF antennas located on the shipboard, we started our analysis at three scenarios to extract the effects of several metallic structures located near the antenna. These are; HF antenna on ground plane, HF antenna located on top of the mast above ground plane and HF antenna located at the edge of the mast above ground plane. All of these items (mast, second mast, hull, ..) will carry consequential induced currents and can be expected to modify the input impedance and radiation pattern of the antenna. We finally obtained that the distance between antenna and ground plane is a diagnostic factor for antenna radiation pattern and the shape of the metallic structures (mast, ..) especially affects the input impedance of the antenna at low frequencies [9, 10] .
Elementary considerations suggest that at low frequencies, the radiation pattern should display a strong resemblance to that of monopole antennas above ground plane. The marked shadowing effect of the mast on the HF antenna patterns has been noted at 6MHz. As the frequency is increased, radiation pattern are observed to deteriorate (Fig. 6) .
The optimum coupling between two antennas has been calculated at frequencies over HF band, (Figs 3,  4, 5) . It is seen that coupling is remarkable changing according to the frequency. It is also noted that the coupling data is meaningful after 10 MHz (explicit structure effect to the antenna impedance at low frequencies,) the decrease in the coupling amplitude also meant an enhancement in the distance between antennas. In addition, the 50 ohm coupling between D HF and E HF has been calculated and measured (Fig. 4a-4b) . It is seen that the coupling is decreasing at lower frequencies. We also obtained the coupling between B HF and E HF antennas numerically and experimentally, for observing the effect of the second mast of the structure on the coupling phenomena (Fig. 5) . It is seen that the second mast is very effective in playing it role to reduce coupling at 15 MHz.
The accuracy of the simulation results depends on how precisely the model represents the ship. For the measurements, the precision of the scaled model used in the measurements influences the measurement accuracy. The imperfection of the OATS and measurement devices can be also thought as the sources of the errors. This paper shows the reliability of MoM by supporting the measurement data. It can be seen that the MoM can be used reliably at HF frequency band for this structure. The slight shift of the resonant frequencies between two methods is possibly due to finite segmentation, antenna arrangements and measurement errors coming from equipment and personal errors. In the case of MoM, the wire grid size is important for the accuracy of the results.
As a future work, the radiation pattern of each antenna will be obtained at an Open Area Test Site on a 1:50 scale model of the ship.
